This study investigated the effect of cement and lateralite in improving some engineering properties of Niger Delta soils, classified as clayey soil, silty/clayey sand, and fine sand. Cement had very good effect in reducing the plasticity of the clayey soil and the silty/clayey sand but increased the plasticity of the fine sand, and all the samples had increased soaked CBR and UCS at 28 days especially with 6% and 8% cement contents. 14% lateralite content had the best effect on the silty/clayey sand in reducing the plasticity and increasing both the CBR and UCS. However, no positive effect on the plasticity indices was noticed for the clayey soil and the fine sand, but appreciable increases in their unsoaked and soaked CBR and UCS at 28 days curing. The applications of cement (6% and 8%) and 14% lateralite would make the stabilized soils applicable as sub-base and base materials.
INTRODUCTION
The use of ordinary Portland cement as a soil binder is widely practiced in the construction industry for different soil types, ranging from inorganic fine-grained soils, silty / clayey soils, and organic peaty soils to soils even with low pH, and has been proved to be a potent binder preferably for soils with minimum problematic contents.
However, there have been considerable agitations in recent times to look for alternate soil binders which can serve as part or total replacement of cement because of different post-construction deficiencies that usually occur with its use. One deficiency that is of concern to road engineers is the instability of cement stabilized soil in water, especially soils containing high organic, clay and/or silt contents. In overcoming this defect, sufficiently high quantity of cement is usually used, making its application uneconomical in many constructions. [1] [2] [3] reviewed different binders that can be used in ground improvement and noted that cement is best suited to stabilize inorganic soils than organic and clayey soils. The problematic nature of organic and clayey soils affects the hydration process required for the chemical reaction in cement-soil mixture. Also noted is the environmental impact in the production and use of cement in terms of carbon-dioxide emission, which is a cause for concern. In mitigating its use, there are intensive researches into alternate binders which are more environmental friendly. Furthermore, [1] reported that some of the new binders that are being used as full or partial replacement of cement are Ground Granulated Blastfurnace Slag (GGBS), Pulverised Fuel Ash (PFA), and Magnesium Oxide (MgO). Also reported is the use of different forms of lime which are specifically used in treating finegrained soils (clayey gravel and clays) and in conjunction with many other binders. The addition of lime to clayey soils initiates several reactions that produce both immediate and longterm changes in the soil, although the time-scale of the reaction is unknown.
Use of Cement Stabilization in the
Niger Delta [4] Recommended the blending of the clay soil with fine-grained sand in ratio 1:1 and then stabilize with cement. However high strength reduction of about 40% was noted when the stabilized mixture was soaked in water even with as much as 10% cement, thus suggested the protection of the pavement from water ingress. [5] Noted that there was significant improvement in the shear strength when 8% cement was used to stabilize the Ajali sandstone soils: soaked CBR value in excess of 100% was obtained.
[6] Used "geosta" in conjunction with cement to stabilize a soft and extremely compressible organic marine mud found within the saline mangrove swamp of Niger Delta. He discovered that there was some improvement in the strength of the soil with addition of about 1.5% geosta and 4% cement, which gave an unsoaked CBR of about 29%: adequate enough as sub-base material. However, the use of unsoaked CBR did not represent true environmental condition (waterlogged) of the area.
[7] in their study of soils from various parts of Port Harcourt, also observed significantly improved soaked CBR value when the soils which were the residue of tertiary sedimentary rocks, were stabilized with cement-sand composed of 6% cement and 40% sand respectively. The researchers recommended that the mixture be used as sub-base material and suggested that cement-sand admixture may be technically and economically viable for road base course.
[8] in their stabilization of expansive soils collected from Rivers, Bayelsa, and Delta States, first reduced the swelling by using slake-lime and Calcium Chloride (CaCl 2 ) independently and then added cement to improve the strength. 10.7% of slake-lime and 6% of CaCl 2 were found adequate to achieve non-swelling soil condition of 2.5% maximum free swell as postulated by [9] and CaCl 2 was considered more technically and economically viable. The soaked CBR of CaCl 2 -cement stabilized soils improved considerably in excess of 90% and the 80% soaked CBR required by [10] for use as stabilized base-course was achieved though at a high cement content of 14.6%. Approximate values were obtained for all the samples used in this study, irrespective of their locations and fine-grain contents.
[11] in stabilizing laterite soils derived from shale which is particularly notorious for high clay content and lack of coarse aggregate revealed that there was appreciable improvement in the gradation of the soil when sand was added and increase in the strength with the addition of cement. The authors gave different scenarios of achieving economically improved laterite soils at West African Standard (WAS) and Standard Proctor (SP) compaction levels. They discovered that WAS compaction gave better results for the laterite soils than SP compaction and that effective and economic stabilization was achieved at 45% sand and 3 -6% cement contents, with high resistance to loss of strength.
Lateralite-Soil Stabilization
Lateralite was invented by the third author and had been used to stabilize several samples of fine-grained Coastal Plain Sands and black cotton soils [12, 13] . Significant increase in strength and resistivity to destabilizing impact of water were observed, even when soaked for several years. Some samples are still in water to date and none is yet to show any deteriorating signs. This revealed that this stabilizing flux has good potential in the soil treatment for use in waterlogged areas. In their studies, addition of 10% lateralite content to the weight of soil were observed to be adequate to stabilize the soils; the plasticity of the soil was reduced significantly, while the soaked CBR of the treated soil was increased to over 100% with zero free swell value. Lateralite is a flux of different mineral compositions which were selected in definite proportions and the pozzolanic reaction was effected by grinding the flux to the fineness of cement.
STUDY AREA
Disturbed soil samples were obtained from the subgrade level and the borrow-pit along East/West-Nyokuru link roads in Port-Harcourt and designated as samples 1 and 2 respectively, while disturbed sample 3 was taken from the subgrade level of Kaa-Ataba link road in Ogoni land, all in Rivers State. Sites 1 and 2 were relatively flat and free draining while site 3 was swampy with water table almost at the ground surface. There was no form of stabilization of the subgrade soils on these sites, instead the problematic soils were excavated and massive filling to formation level were done using sands dredged from nearby rivers or borrow-pit.
EXPERIMENTAL DESIGN

Analysis of Binders Properties
The specific gravity of the binders were determined by using the 50 ml density bottle in accordance with [14] , pH meter was used to determine the alkalinity of the binders after calibrations using the pH 4, 7, and 10 buffer solutions, while the setting times of the binders were determined by using manually operated vicat needle based on the test method in [15] .
The oxides content of lateralite were determined using the X-ray fluorescence Spectro Xepos and USEPA 6200 test method. The spectrometer was first calibrated and the correlation coefficient for the standard curve was 0.990. Then about 5 g of the milled sample (~ 5 µm grain size) was used for the analysis. The test was done at the laboratory of FUGRO Nigeria Limited, Port Harcourt, Nigeria.
Analysis of Soil Properties
Bulk samples were air-dried at room temperature and the following tests were carried out both on the natural and stabilized soil: classification, specific gravity, compaction, California Bearing Ratio (CBR) and Unconfined Compression Strength (UCS). All tests done on the natural soil were in accordance with [14] , while the procedure in [16] was used for the soil stabilization.
The Casagrande apparatus was used to determine the liquid limit on soil passing sieve 425 µm and it was taken at 25 blows on the semi-logarithm graphs. 50 ml density bottle was used to determine the specific gravity of the natural soils. West African Compaction was performed to obtain the Optimum Moisture Content (OMC) and Maximum Dry Density (MDD), this was done using the CBR mould and 4.5 kg rammer applied on 5 layers of the soil at 25 blows per layer. The CBR test was done both on the unsoaked and 24 hours soaked samples. While the UCS test was done using the split mould of 100 mm diameter x 200 mm height and tested after 7, 14 and 28 days curing. 2%, 4%, 6% and 8% cement contents by dry weight of the soil were added for stabilization, while 14% lateralite content also by dry weight was used at the recommendation of the inventor.
RESULTS AND DISCUSSION
Comparison of Lateralite and Cement
Cement colour is grey, while lateralite is dark grey pulverized to very fine texture like cement (Fig.1 ). Lateralite had a Specific Gravity (SG) of 2.44, while cement SG was 3.02 which connoted that lateralite is less dense than cement. Lateralite had its initial setting at 45 mins and the final setting took a long time to occur (greater than the specified limit of 375 mins). The initial setting time of cement occurred at 105 mins and the final setting time took place within 4 hours of the start of the test. Both binders are alkali. One of the generic features of cement is that the ratio of calcium oxide (CaO) to silicon oxide (SiO 2 ) must not be less than 2.0 as recommended in [17] , lateralite however had CaO and SiO 2 ratio of 1.3. Also, both iron and aluminum oxides of lateralite were slightly higher than the highest specified limit of cement while its calcium oxide is about 50% less than the lowest specified limit of cement, an indication that lateralite might not have the cementing capability of cement. However, silicon and magnesium oxides of lateralite were within specified as for cement as shown in Table 1 . 
Classification of Samples
The particle size analysis showed that all the soil samples were fine grained devoid of medium and coarse particles (see Fig. 2 ). The unstabilised samples 1 and 2 had liquid limits less than 50% and the plasticity indices greater than 7 and were classified as CL soils in the USCS system, while in the AASHTO system the soils were classified as follows: sample 1-A-6 (clayey soil); sample 2-A-2-6 (silty / clayey sand). Sample 3 was nonplastic and had less than 35% passing 63µm sieve, thus could be classified as ML in USCS and A-3 soil (fine sand) in the AASHTO classification system.
Effect of Binders on Plasticity Index
The plasticity index for Sample 1 was 25.7, sample 2 was 20.34, and sample 3 was nonplastic. With the addition of cement, there were reductions in the Plasticity Indices(PI) with the lowest value obtained with 8% cement content for samples 1 and 2 (4.66 and 10.35 respectively), while an increase in plasticity was noticed in sample 3 with the highest PI (11.42) obtained with 6% cement content. However, 14% lateralite caused an increase in the plasticity of sample 1 and 3 (26.19 and 15.95 respectively) but a PI reduction in sample 2 (6.04).
Both cement and lateralite caused plasticity reduction in silty/clayey sand and made the nonplastic soil (the fine sand) to become plastic. They however had different effects on the clayey soil. While cement caused a reduction in the plasticity of the clayey soil, lateralite effected an increase (see Tables 2 and 3 ). The changes in the plasticity indices of the soils with variations in the cement and lateralite contents are shown graphically in Fig. 3 . Equal to Natural soil at 8%
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Effect of Binders on Maximum Dry Density
The compacted MDD of unstabilised sample 1 was 2000 kg/m 3 and there was a reduction with the addition of 2% cement, there was however a progressive increase as the cement content was increased and 8% cement content gave a dry density that was equal to the unstabilised soil MDD value. On the other hand, 14% lateralite had a marginal effect, achieving 2065 kg/m 
Effect of Binders on CBR
Unstabilised sample 1 had unsoaked CBR of 39.60% and 24 hrs soaked CBR of 39.13%. Addition of cement caused a decrease in the unsoaked CBR, but which increased when soaked, and the highest unsoaked and soaked CBR were obtained with 8% cement content (37.48% and 103.91% respectively), while 14% lateralite content gave 60.62% unsoaked CBR and 63.50% soaked CBR. Percentage passing
Sieve sizes (log scale) From the analyzed CBR results, both cement and lateralite caused an increase in the CBR of all the samples especially when soaked in water. This showed that both binders need proper hydration which is beyond the optimum moisture content for the pozzolanic reaction that will yield more strength in the soils. Fig. 7 , and Figs. 8 -10 showed the effect of the binders on all samples tested graphically.
Fig. 2. Particle size distribution of Niger delta soils
Effect of Binders on UCS
The effect of both stabilizing agents on the soils' engineering properties is better summarized in Table 3 . UCS at 0% UCS at 2% PC UCS at 4% PC UCS at 6% PC UCS at 8% PC UCS at 14% LA
CONCLUSION
Portland cement had a better effect than lateralite on the clayey soil and fine sand in reducing the plasticity indices, increasing the dry density and gave a corresponding better effect on the soaked CBR and UCS at 28 days curing. However, lateralite worked better on the silty/clayey sand by effecting a reduction in the plasticity index, increased dry density and corresponding better effect on the soaked CBR and UCS also at 28 days curing. The silty/clayey sand showed the best response in terms of strength development with the application of both binders. The effect of moisture in aiding the pozzolanic reaction that will yield better bearing capacity was shown in the soaked CBR and the effect of long time curing that will yield higher shear strength was revealed in the UCS test. Although, the chemical analysis and the observed effect of lateralite on the study samples revealed that lateralite does not have the cementing capability of Portland cement, it however compared well to cement in affecting the engineering properties of the soils that will make them applicable as sub-base and base soils for pavement construction. Lateralite also exhibited the ability to remain stable in water, without losing its compacted strength, and without cracks, either when the treated samples remain dry (unsoaked), or when completely immersed/soaked in water for a long time. Hence it is recommended that further tests be carried out to understand lateralite stabilization mechanism.
